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Abstract 
In this paper, a CMOS temperature sensor with a highly linear proportional-to-absolute-temperature (PTAT) output current, 
which results from a PTAT-voltage driving common-source amplifier with a source resistor, is presented. The second-order 
temperature coefficients of the PTAT voltage and the resistance of polysilicon and diffused-silicon resistors are all positive and
hence the resulting current exhibits high linearity of at least 99.999% from 0 to 100ºC. With a silicided p-type polysilicon source
resistor, the simulated and measured temperature characteristics of pulse frequencies exhibit sensitivities of 424 and 512 Hz/ºC
with linearities of 99.996% and 99.993%, respectively. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of EUROSENSORS 2015. 
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Introduction 
Bipolar junction transistor (BJT) based temperature sensors have the issue of curvature correction of emitter-base 
voltage VEB [1, 2]. High-linearity output voltage or current with respect to temperature can be obtained by 
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mathematically dealing with nonlinear temperature characteristic of voltage, current or resistance [2, 3]. In ref. [2], 
the output of a temperature sensor is the sum of emitter-base voltage VEB of a pnp BJT and source-gate voltage VSG
of a p-type metal-oxide-semiconductor field effect transistor. The output voltage decreases with the increase of 
temperature and has a good linearity owing to nearly complementary nonlinear temperature characteristics of the two 
bias voltages. In ref. [3], a temperature sensor with a high-linearity proportional-to-absolute-temperature (PTAT) 
current is a PTAT-voltage driving common-source (CS) amplifier with a polysilicon source resistor. High linearity is 
owing to the division of the PTAT voltage and polysilicon resistance which temperature characteristics have similar 
nonlinear curvatures away from their linear regression (LR) lines. In this work, on-chip polysilicon and diffused-
silicon resistors are used as the source resistor in order to verify the suitability or adaptability of the PTAT-voltage 
driving source-degenerated CS amplifier for temperature sensing. The designed temperature sensor is based on the 
TSMC 0.18 Pm process. 
1. Temperature sensor design and measurement results 
Fig.1 shows the circuit schematic and chip photograph of the temperature sensor. The sensor core and the current 
mirror occupy an area of about 90u110 Pm2. The transistors M1 to M6 mainly operate in the saturation region and 
form a PTAT voltage generator. The node voltage VPTAT has a PTAT characteristic under the condition of 
(W/L)5,6>(W/L)3,4>(W/L)1,2 [3]. All channel lengths are larger than 1.9 Pm to alleviate the channel length 
modulation effect.  
Fig. 1. The circuit schematic and chip photograph of the temperature sensor with pulse output. 
Fig.2 shows the simulated temperature characteristics and related LR lines of the VPTAT under three different bias 
voltages Vtb. The smaller Vtb results in the higher voltage level, the more linear temperature characteristic and the 
slightly larger sensitivity of the VPTAT. The VPTAT shows a sensitivity of about 0.97, 1.35, and 1.43 mV/ºC with 
linearities of 99.31%, 99.69%, and 99.97%, respectively under the Vtb of 0.84, 0.68, and 0.45 V for the temperature 
range of 0 to 100 ºC. With a larger Vtb, the devices operate near or in the subthreshold region and hence the VPTAT
exhibits a worse linearity. To obtain an output with a much higher linearity, the VPTAT is used to bias a CS amplifier 
with a source resistor Rs. Silicided p-type polysilicon (SPP), non-silicided p-type polysilicon (NSPP), and non-
silicided n-type diffused silicon (NSND) are used as the source resistor. The resistance values are about 30 k: at 30 
qC, as shown in Fig.2. The VGS of the transistor M7 under the Vtb of 0.84, 0.68, and 0.45V respectively for the 
sensors using SPP, NSND, and NSPP is also shown in Fig.2. The VGS is nearly constant owing to the small drain 
current, which results from the large Rs. Assuming that the VGS of the M7 is constant, namely VGS0, the drain current, 
IPTAT, can be expressed as 
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where ai and bi are the ith-order temperature coefficients (TCs) of numerator and denominator of Eq.(1), 
respectively. In Fig.2, the smaller Vtb results in the more linear temperature characteristic of the VPTAT and hence a 
smaller a2 is obtained. The smaller Vtb also results in a larger a1 owing to the larger sensitivity of the VPTAT.
Therefore, reducing Vtb will decrease the second-order TC (TC2) of the IPTAT and hence the linearity of the IPTAT can 
be improved, if necessary. 
Fig. 2. Simulated temperature characteristics of VPTAT and VGS7 under the Vtb of 0.84, 0.68, and 0.45V. 
The temperature characteristics of SPP, NSND, NSPP resistors are also shown. 
Because the linear resolution of the output current is the order of nA, the measurement setup could be difficult. 
Therefore, the PTAT current is mirrored into a current-control oscillator and then dominates the discharging rate of 
the capacitors C1 and C2 at the complementary output terminals of two inverters by turns in order to generate 
voltage pulses [3]. Therefore, the frequency of output pulses depends linearly on the PTAT current. Fig.3 shows 
simulated and measured pulse frequencies. The nonlinear temperature errors of the pulse frequencies are also shown 
in Fig.3. The oscillator has an estimated sensitivity of 424, 623, and 860 Hz/ºC with the linearity of larger than 
99.996%, respectively for the sensors using SPP, NSND, and NSPP. Temperature errors resulting from nonlinear 
deviations are from -0.47 to 0.24 ºC, from -0.06 to 0.09 ºC, and from -0.14 to 0.16 ºC, respectively. The measured 
sensitivities are 512, 618, and 891 Hz/ºC with linearities of 99.993%, 99.985%, and 99.976%, respectively for the 
sensors using SPP, NSND, and NSPP. Nonlinear temperature errors are from -0.46 to 0.43 ºC, from -0.44 to 0.57 ºC, 
and from -0.75 to 0.78 ºC, respectively. The differences between the measured and simulated results are probably 
owing to process variation, inaccurate estimation of parasitic capacitances, and temperature errors of the constant 
temperature oven itself. The Vtb is adjusted to 0.70 and 0.49 V respectively for the sensors using NSND and NSPP, 
and then the linearities are increased to 99.994% and 99.993%, respectively. The temperature errors are from -0.28 
to 0.37 ºC and from -0.29 to 0.42 ºC, respectively. The measured operation currents of the three temperature sensors 
are about 0.3 mA under VDD of 1.8 V and VREF of 0.9 V at 20 ºC.  
2. Conclusions 
The temperature sensor core is a PTAT-voltage driving source-degenerated CS amplifier, which output current is 
used to control a current controlled oscillator. The temperature sensors are based on the TSMC 0.18 Pm process. 
Silicided p-type polysilicon, non-silicided p-type polysilicon, and non-silicided n-type diffused silicon are used as 
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the source resistor. The simulated linearities of the IPTAT are larger than 99.9992% for the temperature range of 0 to 
100 ºC. Measurement results show that the temperature characteristics of output pulse frequency have the linearity 
of larger than 99.993% and the linearity can be modified by a bias voltage Vtb if the process variation occurs. In this 
study, the device parameters are the same for the three temperature sensors except the source resistor. The device 
sizes of the PTAT voltage generator and the source resistor can be individually optimized to enhance the linearity of 
the IPTAT. The other on-chip resistor material can also be used. The temperature sensor with a PTAT output current 
can be applied to work as a temperature-compensation circuit for the circuits or sensors which output current is 
complementary to absolute temperature. 
Fig. 3. (a) Simulated and (b) measured temperature characteristics of pulse frequencies and nonlinear temperature errors. 
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